Abstract: High-temperature interdiffusion within a hot-dipped aluminide (Al-10 wt.% Si) coating on an IN738 superalloy was investigated at 1050 • C in air and in air plus water vapour. The resulting morphology of in situ diffusion barrier layer (DBL) within the aluminide coating is affected by oxidizing atmospheres; DBL can effectively retard the interdiffusion of aluminium within the coating. The location of the in situ DBL is governed by the partial pressure of oxygen at different depths from the oxide scales in both atmospheres. Meanwhile, the diffusion fluxes of different elements led to DBLs with different morphologies in the aluminide coating on the Ni-based alloy.
Introduction
Aluminide coatings are used on alloys to protect them from high-temperature corrosion in air with water vapour atmosphere because the aluminide coating can be seen as a reservoir of Al for forming and maintaining a protective Al 2 O 3 scale on the substrate surface [1] [2] [3] [4] [5] . Meanwhile, the oxidation resistance of the aluminide coating has been further improved by the addition of some reactive elements, such as Pt, Hf, Co and Si [6] [7] [8] [9] [10] . Among them, a silicon-modified aluminide coating (20 wt.% Si) shows a remarkable cyclic oxidation resistance at 1100 • C [11] . However, element interdiffusion between the aluminide coating and the substrate occurs during long-term oxidation at high temperature. Interdiffusion can continuously consume the Al and change the concentration of other elements within the aluminide coating, which seriously affects the oxidation resistance of the coating at high-temperature [12] . Clearly, interdiffusion also affects the oxidation resistance of the coating [13, 14] .
To hinder the inward diffusion of Al to the substrate, a diffusion barrier layer (DBL) between the aluminide coating and superalloy can effectively prevent the interdiffusion of the elements. Electron beam physical vapour deposition (EB-PVD) [15, 16] and cathodic electrodeposition [17] have been used to form DBLs on the alloys. Yao et al. [18] deposited a NiCrO interlayer (1.8 µm) as the DBL on René N5 superalloy samples while using arc ion plating, and the NiCrO DBL effectively retarded the coating degradation during cyclic oxidation tests. A Re-based DBL deposition on a Ni-based superalloy via electroplating [19] inhibited interdiffusion of the elements between the aluminide coating and the substrate. However, the methods that are mentioned above require an additional deposition step, which increases the costs and possibility of spallation. To simplify the preparation of the DBL, a self-forming DBL has been demonstrated at the aluminide coating/substrate interface. The reason for forming the DBL is element interdiffusion between coating and substrate [20] [21] [22] . Ma et al. [23] reported the relationship between the
Experimental
A commercial IN738 superalloy was used as the substrate materials in this study. The IN738 superalloy was purchased from CISRI-GAONA, Beijing, China. The composition of the IN738 superalloy is shown in Table 1 . The superalloy was cut into disc-shaped specimens (∅17 mm × 3 mm) using a wire electrical discharge machine. The hot-dipping procedure for preparing the aluminide coating was described in detail in our previous study [25] . The post-annealing processes were operated at 850 • C in argon for 24 h to homogenize the microstructure of the coatings. Cyclic oxidation tests were performed in a tube furnace that was equipped with a steam generator. During testing, the content of water vapour in the furnace was 25% [26] . In each oxidation cycle, the specimens were heated in a 1050 • C furnace with air plus water vapour for 15 h and were then removed and cooled in the laboratory (approximately 25 • C) for 1 h. For comparison, cyclic oxidation testing was also conducted in air without the addition of water vapour. Oxidation weight gains after different exposure durations (15, 30, 45, 60, 75, 90, 105, 120, 135 , and 150 h) in air and air plus water vapour were measured after cooling at room temperature while using an electronic balance (0.1 mg accuracy). The process included three specimens per group.
The microstructures and elemental chemical composition of samples were determined while using field-emission scanning electron microscopy (SEM, FEI-Quanta 600, FEI, Hillsboro, OR, USA) in the backscattered electron (BSE) mode equipped with an energy-dispersive X-ray spectrometer (EDX, Oxford INCAx-sight 6427, Oxford Instruments, Abingdon, UK). The cross-sectional morphologies were characterized by electron probe microanalysis (EPMA, JEOL JXA-8230, JEOL Ltd., Tokyo, Japan). Phases in the aluminide coating surface were identified by X-ray diffraction (XRD) while using a D8 Focus diffractometer (Bruker, Billerica, MA, USA) with Cu Kα1 radiation (λ = 0.15405 nm) in the range of 2θ = 20 • -90 • with a step size of 0.04 • . Figure 1 shows the cyclic oxidation kinetics curves of the aluminide coating. The curves demonstrate that the weight gains of the aluminide coating increased with time in air and air plus water vapour during the initial 45 h. However, the weight gain decreased rapidly after 45 h due to the spallation of oxide scales within air plus water vapour. Spallation is caused by the internal stress within the oxide scales, and the stress is generated at the interface during growth of the oxide scales [27] . This result indicates serious spallation and the growth of the oxide scale in air plus water vapour. The kinetics curves approximately obeyed the parabolic law in air. A relatively stable oxide formed on the surface of the aluminide coating in air. But, the coating oxidized in air also exhibited spallation at 75 h and 135 h, leading to the obvious fluctuation in the oxidation kinetics curve.
Results and Discussion

Oxidation Kinetics and Surface Phases
The XRD patterns of the aluminide coating oxidized at 1050 • C are displayed in Figure 2 . The X-ray patterns exhibit clear diffraction peaks, indicating the oxidation products for the samples in air and air plus water vapour. The external oxide scales were principally composed of Si 3 Ti 5 in air, and other phases, such as SiO 2 and SiCr 3 , are weakly detected. Moreover, the main phase of the external oxide scale is Al 2 O 3 whether the coatings are oxidized in air or in air plus water vapour. Elements concentration gradient between the aluminide coating and substrate drive Ti migrate from substrate into aluminide coating during cyclic oxidation, so Si reacts with Ti to Si 3 Ti 5 . Si 3 Ti 5 phase can easily react with water. So, water vapour leads to the formation of SiO 2 and the destruction of the Si 3 Ti 5 phase. Figure 3 shows the surface oxide morphologies formed on aluminide oxidized after 150 h. Figure 3a indicates that the voids that were formed on partially localized oxide scales and spallation can be observed in air plus water vapour. The alloy surface is mostly covered with dense and unbroken Al 2 O 3 scale, as shown in Figure 3b . The kinetics curves approximately obeyed the parabolic law in air. A relatively stable oxide formed on the surface of the aluminide coating in air. But, the coating oxidized in air also exhibited spallation at 75 h and 135 h, leading to the obvious fluctuation in the oxidation kinetics curve. The XRD patterns of the aluminide coating oxidized at 1050 °C are displayed in Figure 2 . The X-ray patterns exhibit clear diffraction peaks, indicating the oxidation products for the samples in air and air plus water vapour. The external oxide scales were principally composed of Si3Ti5 in air, and other phases, such as SiO2 and SiCr3, are weakly detected. Moreover, the main phase of the external oxide scale is Al2O3 whether the coatings are oxidized in air or in air plus water vapour. Elements concentration gradient between the aluminide coating and substrate drive Ti migrate from substrate into aluminide coating during cyclic oxidation, so Si reacts with Ti to Si3Ti5. Si3Ti5 phase can easily react with water. So, water vapour leads to the formation of SiO2 and the destruction of the Si3Ti5 phase. Figure 3 shows the surface oxide morphologies formed on aluminide oxidized after 150 h. Figure 3a indicates that the voids that were formed on partially localized oxide scales and spallation can be observed in air plus water vapour. The alloy surface is mostly covered with dense and unbroken Al2O3 scale, as shown in Figure 3b . The kinetics curves approximately obeyed the parabolic law in air. A relatively stable oxide formed on the surface of the aluminide coating in air. But, the coating oxidized in air also exhibited spallation at 75 h and 135 h, leading to the obvious fluctuation in the oxidation kinetics curve. The XRD patterns of the aluminide coating oxidized at 1050 °C are displayed in Figure 2 . The X-ray patterns exhibit clear diffraction peaks, indicating the oxidation products for the samples in air and air plus water vapour. The external oxide scales were principally composed of Si3Ti5 in air, and other phases, such as SiO2 and SiCr3, are weakly detected. Moreover, the main phase of the external oxide scale is Al2O3 whether the coatings are oxidized in air or in air plus water vapour. Elements concentration gradient between the aluminide coating and substrate drive Ti migrate from substrate into aluminide coating during cyclic oxidation, so Si reacts with Ti to Si3Ti5. Si3Ti5 phase can easily react with water. So, water vapour leads to the formation of SiO2 and the destruction of the Si3Ti5 phase. Figure 3 shows the surface oxide morphologies formed on aluminide oxidized after 150 h. Figure 3a indicates that the voids that were formed on partially localized oxide scales and spallation can be observed in air plus water vapour. The alloy surface is mostly covered with dense and unbroken Al2O3 scale, as shown in Figure 3b . 
Cross-Sectional Structure and Chemical Composition
The cross-sectional SEM microstructure, along with the element depth profiles of the specimen after 24 h of heat treatment in argon at 850 °C, is shown in Figure 4 . The cross-section SEM result shows no evidence of an interdiffusion zone. The element depth profiles show that the Cr content was approximately 40 at.% in the aluminide coating/substrate interface, whereas the Al content immediately decreased from ~59 at.% to ~5 at.% at the interface. Interdiffusion of Cr and Al between the aluminide coating and the substrate occurs simultaneously [28] . Figure 5 shows SEM backscattered cross-sectional views of the samples oxidized in air plus water vapour and in air for 150 h, respectively. Figure 5a indicates that a relatively thick scale (~10 μm) and a porous oxide layer were formed. Significant spallation in air plus water vapour led to a mass change after 45 h (Figure 1 ). However, in air, a thin continuous oxide layer formed with an average thickness of 5 μm, which appeared compact and uniform. Water vapour can increase the inward diffusion of O to increase the growth-rate of oxide [29] . Some internal oxides formed at the aluminide coating caused the rapid outward diffusion of Al in air plus water vapour. 
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The Al content was less than ~32 at.% in the aluminide coating in air plus water vapour, but the Al content was more than 45 at.% in the aluminide coating which oxidized in air (Figure 6e,f) . Figure  6f shows that the Al concentration exhibits a stepwise that decreased from the aluminide coating to substrate. However, the concentration of Al in the substrates was same (~7 at.%) both in air and water vapour atmospheres. It is worth noting that the O content is higher at the aluminide coating/DBL interface in air plus water vapour (~10 at.%) than that in air (~5 at.%), as shown in Figure 6c . The cross-sectional micrograph of aluminide coatings and the corresponding EDX line profiles of the elemental distributions across the coating layer on an IN738 superalloy are presented in Figure 6 . Thickness of the Si-modified aluminide coating is approximately 218 µm after 150 h of oxidation in air plus water vapour (Figure 6a ). When compared with the thickness of the aluminide coating of the sample (580 µm) at 850 • C in argon for 24 h (Figure 4a ), the thickness of the aluminide coating broadens after 150 h of oxidation in air.
The Al content was less than~32 at.% in the aluminide coating in air plus water vapour, but the Al content was more than 45 at.% in the aluminide coating which oxidized in air (Figure 6e,f) . Figure 6f shows that the Al concentration exhibits a stepwise that decreased from the aluminide coating to substrate. However, the concentration of Al in the substrates was same (~7 at.%) both in air and water vapour atmospheres. It is worth noting that the O content is higher at the aluminide coating/DBL interface in air plus water vapour (~10 at.%) than that in air (~5 at.%), as shown in Figure 6c . The cross-sectional micrograph of aluminide coatings and the corresponding EDX line profiles of the elemental distributions across the coating layer on an IN738 superalloy are presented in Figure  6 . Thickness of the Si-modified aluminide coating is approximately 218 μm after 150 h of oxidation in air plus water vapour (Figure 6a ). When compared with the thickness of the aluminide coating of the sample (580 μm) at 850 °C in argon for 24 h (Figure 4a ), the thickness of the aluminide coating broadens after 150 h of oxidation in air.
The Al content was less than ~32 at.% in the aluminide coating in air plus water vapour, but the Al content was more than 45 at.% in the aluminide coating which oxidized in air (Figure 6e,f) . Figure  6f shows that the Al concentration exhibits a stepwise that decreased from the aluminide coating to substrate. However, the concentration of Al in the substrates was same (~7 at.%) both in air and water vapour atmospheres. It is worth noting that the O content is higher at the aluminide coating/DBL interface in air plus water vapour (~10 at.%) than that in air (~5 at.%), as shown in Figure 6c . 
Differences in The Diffusion Barrier Layer
The cross-section EPMA mappings of aluminide coating after oxidation in air and in air plus water vapour for 150 h are shown in Figure 7 . Figure 7a illustrates that O tends to distribute in the topmost interface between the aluminide coating and DBL, where it also contained Nb and a small volume of Ti. According to the mapping results (Figure 7b ), a Cr-rich layer formed at the aluminide coating/DBL interface, which was formed due to the outward diffusion of Cr during the oxidation process. The DBL can preserve the Al element diffusion between the aluminide coating and substrate; therefore, the oxidation resistance of the aluminide coating has not been affected via interdiffusion. When compared with the distribution of Si element in air plus water vapour (Figure 7a) , there is no obvious difference in the distribution of Si element in air.
The oxygen flux through the internal oxidation zone is given by Fick's first law, as PO (1):
where NO (s) is the oxygen solution in alloy, Vm is the molar volume of the solvent metal or alloy (cm 3 ·mol −1 ), v is the drift velocity of oxygen, X is the diffusion depth, and DO is the diffusivity of oxygen in alloy (cm 2 ·s −2 ). If counter-diffusion of another element is assumed to be negligible, the amount of oxygen accumulated in the internal oxidation zone per unit area of reaction front is given by Equation (2), where NO (O) is the initial solute concentration. According to Equation (2), O is enriched at the interface between the aluminide coating and DBL when the amount of oxygen is much less than the critical value of the oxidation reaction. 
The oxygen flux through the internal oxidation zone is given by Fick's first law, as Equation (1):
where N O (s) is the oxygen solution in alloy, V m is the molar volume of the solvent metal or alloy (cm 3 ·mol −1 ), v is the drift velocity of oxygen, X is the diffusion depth, and D O is the diffusivity of oxygen in alloy (cm 2 ·s −2 ). If counter-diffusion of another element is assumed to be negligible, the amount of oxygen accumulated in the internal oxidation zone per unit area of reaction front is given by Equation (2) , where N O (O) is the initial solute concentration. According to Equation (2), O is enriched at the interface between the aluminide coating and DBL when the amount of oxygen is much less than the critical value of the oxidation reaction. Figure 8a shows the typical cross-sectional microstructure of the interdiffusion zone in air plus water vapour. When compared with the samples oxidized in air (Figure 8b) , the in situ DBL (Si/Cr-rich phases) in air plus water vapour has a different morphology. The high partial pressure of O (P O ) promoted the lateral growth of the DBL in air plus water vapour, while low P O inhibited its lateral growth in air The Al in the aluminide coating was mainly depleted by the outward diffusion of Al, due to form a Al 2 O 3 scale in air plus water vapour, and the concentration of O (C O(water) ) increased in air plus water vapour due to severe spallation on the oxide scale [26] . High C O(water) decreases the concentration of Al (C Al ) in the aluminide coating too much (32 at.%). Meanwhile, the low C Al within the aluminide coating also corresponded to a lower diffusion flux of Al (J Al ) near the DBL, as shown in Figure 8c . During the oxidation process, the aluminide coating was directly oxidized, but Al consumption was accelerated in air plus water vapour because the P O in the oxide/aluminide coating interface was higher than that in air. The outward diffusion of Al is dominant in the aluminide coating, and the outward diffusion of Cr increased in the substrate due to the high P O in the aluminide coating in air plus water vapour. Accordingly, J Al was lower than the diffusion flux of Cr (J Cr ) on both sides of DBL. Xiang et al. [30] suggested that Cr can substantially decrease the activity of Al. High J Cr can inhibit the inward diffusion of Al. Therefore, as a driving force for the evolution of DBL, high J Cr promotes the outward movement of the diffusion layer, which decreases the thickness of the aluminide coating [31] . The movement of the interdiffusion zone on an IN738 superalloy during oxidation in air plus water vapour is shown in Figure 9a . Figure 8a shows the typical cross-sectional microstructure of the interdiffusion zone in air plus water vapour. When compared with the samples oxidized in air (Figure 8b ), the in situ DBL (Si/Crrich phases) in air plus water vapour has a different morphology. The high partial pressure of O (PO) promoted the lateral growth of the DBL in air plus water vapour, while low Po inhibited its lateral growth in air The Al in the aluminide coating was mainly depleted by the outward diffusion of Al, due to form a Al2O3 scale in air plus water vapour, and the concentration of O (CO(water)) increased in air plus water vapour due to severe spallation on the oxide scale [26] . High CO(water) decreases the concentration of Al (CAl) in the aluminide coating too much (32 at.%). Meanwhile, the low CAl within the aluminide coating also corresponded to a lower diffusion flux of Al (JAl) near the DBL, as shown in Figure 8c . During the oxidation process, the aluminide coating was directly oxidized, but Al consumption was accelerated in air plus water vapour because the PO in the oxide/aluminide coating interface was higher than that in air. The outward diffusion of Al is dominant in the aluminide coating, and the outward diffusion of Cr increased in the substrate due to the high PO in the aluminide coating in air plus water vapour. Accordingly, JAl was lower than the diffusion flux of Cr (JCr) on both sides of DBL. Xiang et al. [30] suggested that Cr can substantially decrease the activity of Al. High JCr can inhibit the inward diffusion of Al. Therefore, as a driving force for the evolution of DBL, high JCr promotes the outward movement of the diffusion layer, which decreases the thickness of the aluminide coating [31] . The movement of the interdiffusion zone on an IN738 superalloy during oxidation in air plus water vapour is shown in Figure 9a . The Si/Cr-rich layer as a DBL within the aluminide coating has a low diffusion flux of O (JO), thus just allowing a small amount of O to pass through this layer. Oxygen can diffuse through the coating to the substrate, where it can be detected by EDS [32, 33] . Similar to a dam, the DBL blocks interdiffusion between the aluminide coating and substrate. Therefore, low PO in air contributed to the lower Co(air) than that in air plus water vapour, as shown in Figure 8d . Moreover, when JAl was far greater than JAl(water), Al enrichment at the aluminide coating/DBL interface was promoted. Al in the aluminide layer mainly depleted by the inward diffusion of Al to the substrate in air, because dense Al2O3 was formed at the surface, leading to a small amount of O inward diffusion to the aluminide coating in air. High JAl promotes the inward movement of the DBL, as shown in Figure 9b . Yao et al. [18] observed Cr segregation occurred in the interdiffusion zone for the NiAl coating after 200 1-h cycles at 1100 °C in air. High JAl hinders the Cr outward diffusion from the substrate to the aluminide coating, which leads to the enrichment of Cr in the DBL. The oxidizing environment affects the movement of the DBL, which in turn, changes the concentration of elements in the aluminide coating. Therefore, the evolution of the DBL and oxidation behaviour can affect each other.
We believe that a systematic study of the DBL within the aluminide coating on an IN738 superalloy could provide valuable information on the oxidation resistance of aluminide-coating-substrate assemblies.
Conclusions
In summary, a silicon-doped aluminide coating is prepared on an IN738 superalloy. The main conclusions are summarized below:
• The Si/Cr-rich DBL formed at the aluminide coating/substrate interface after cyclic oxidation can prevent the Al inward diffusion, both in air and in air plus water vapour.
• A Cr-rich layer formed at the aluminide coating/DBL interface in air, and the Cr-rich layer can further prevent the inward diffusion of Al. Water vapour inhibits the formation of the Cr-rich layer.
• A high Cr content can cause the DBL to move outward in air plus water vapour; however, a high Al content within the aluminide coating can drive the DBL inward in air. The Si/Cr-rich layer as a DBL within the aluminide coating has a low diffusion flux of O (J O ), thus just allowing a small amount of O to pass through this layer. Oxygen can diffuse through the coating to the substrate, where it can be detected by EDS [32, 33] . Similar to a dam, the DBL blocks interdiffusion between the aluminide coating and substrate. Therefore, low P O in air contributed to the lower C O(air) than that in air plus water vapour, as shown in Figure 8d . Moreover, when J Al was far greater than J Al(water) , Al enrichment at the aluminide coating/DBL interface was promoted. Al in the aluminide layer mainly depleted by the inward diffusion of Al to the substrate in air, because dense Al 2 O 3 was formed at the surface, leading to a small amount of O inward diffusion to the aluminide coating in air. High J Al promotes the inward movement of the DBL, as shown in Figure 9b . Yao et al. [18] observed Cr segregation occurred in the interdiffusion zone for the NiAl coating after 200 1-h cycles at 1100 • C in air. High J Al hinders the Cr outward diffusion from the substrate to the aluminide coating, which leads to the enrichment of Cr in the DBL. The oxidizing environment affects the movement of the DBL, which in turn, changes the concentration of elements in the aluminide coating. Therefore, the evolution of the DBL and oxidation behaviour can affect each other.
We believe that a systematic study of the DBL within the aluminide coating on an IN738 superalloy could provide valuable information on the oxidation resistance of aluminidecoating-substrate assemblies.
•
The Si/Cr-rich DBL formed at the aluminide coating/substrate interface after cyclic oxidation can prevent the Al inward diffusion, both in air and in air plus water vapour.
• A high Cr content can cause the DBL to move outward in air plus water vapour; however, a high Al content within the aluminide coating can drive the DBL inward in air. 
